Supercapacitors have been recognized as one of the promising energy storage devices in the future energy technology. In this perspective, rapid progress is made in the development of fundamental and applied aspects of supercapacitors. Various techniques have been developed specifically to estimate the specific capacitance. Numerous efforts have been made in the literature to increase the specific capacitance of electrode materials. Recently, researchers pay more attention on designing supercapacitors of asymmetric type with extending cell voltage and dissimilar materials with complementary working potentials. Researchers try to increase the specific energy of asymmetric supercapacitors (ASCs). Conversely, it is still a challenge to find a suitable operation conditions for ASCs in various designs, especially for the one with battery type electrode. In this review, we describe our recent research works and other reports on the preparation of various nanostructured electrode materials and the performances of both symmetric and asymmetric supercapacitors. Finally, we demonstrate effects of charge balance on the capacitive performances of ASCs which consist of one electrode material of the battery type and one capacitive material. We also demonstrate how to evaluate the charge capacities of both positive and negative electrode materials for this ASC application.
Introduction
Increasing demand in the need of global-energy drives the development of alternative or nonconventional energy sources with high power and energy densities [1] . Batteries, fuel cells, and supercapacitors are typical non-conventional energy devices which are based on the principle of chemical-toelectrical energy conversion. They find widespread applications in consumer electronics ranging from mobile phones, laptops, digital cameras, emergency doors and hybrid vehicles etc. [2] . In these devices, chemical energy is converted into electrical energy by means of electrochemical reactions. As far the fuel cells are concerned, as long as the fuel is fed, electrical energy can be obtained. In case of batteries, the stored energy can be drawn at the time of need. Supercapacitor is a typical energy storage device which possesses high specific capacitance, high power density, and long cycle life [3] . Supercapacitors can be used in combination with batteries or fuel cells to meet the start-up power, usually high power density. Based on the electrochemical responses and design of electrodes, supercapacitors are of three types, namely (i) electrical double layer capacitors (EDLCs), (ii) pseudocapacitors, and (iii) asymmetric supercapacitors (ASCs). i) Electrical double layer capacitors (EDLCs) use high surface area materials such as activated carbons or derivatives for providing high electrostatic double-layer capacitance, achieving separation of charge in the Helmholtz doublelayer and diffusion layer at the interface between a conductive electrode and an electrolyte. The merits of EDLCs generally include high power density and good cycling life while low energy density and low cell voltage are the common shortcomings. ii) Pseudo-capacitors employ the electrodes consisting of transition metal oxides or conducting polymers which provide a high amount of redox pseudo-capacitance.
Pseudo-capacitance comes from the Faradaic chargetransfer of highly reversible redox reactions, intercalation/de-intercalation, or electrochemical sorption/desorption. The benefits of pseudo-capacitors include high specific capacitance, relatively high energy density, and relatively high power density while poor service life and low cell voltage are the common disadvantages. iii) Asymmetric supercapacitors (ASCs) or hybrid supercapacitors are assembled by two dissimilar electrode materials with complementary working potential windows for enlarging the cell voltage and energy density. Based on the reversible charge storage mechanisms of electrode materials within the ASCs, three sub-designs of ASCs have been developed: (a) redox//redox (e.g., WO 3 //RuO 2 [4, 5] ) type, (b) redox//double-layer type (e.g., activated carbon//MnO 2 [6] [7] [8] ), and (double-layer//double-layer type (e.g., N-doped graphene nanowalls//graphene nanowalls). Recently, some researchers reported that the battery type electrodes can dominate the capacitor behavior and behave more like battery type [9, 10] . We try to emphasize that when we look for a single electrode (i.e., evaluating the charge storage behavior under the three-electrode mode), it's more battery-like; but when we construct a full cell, the behavior may become capacitor-like from the symmetric chargedischarge curves that can be seen from our reported literature where, battery-type electrode materials was employed as one of the electrode materials for such an asymmetric design although the electrochemical reversibility of such materials does not meet the typical capacitor responses of supercapacitors [11] . The merits of ASCs include relatively high energy density and large cell voltage but poor power density and short cycle life are the common shortcomings.
The main challenge for supercapacitors is their specific energy. For symmetric supercapacitors using organic liquid electrolytes (e.g., TEABF 4 in propylene carbonate (PC) or acetonitrile (ACN), the cell voltage is about 2.5-2.85 V meanwhile their energy density reaches ca. 5 Wh kg À 1 [12] but is still far lower than that of rechargeable batteries. Consequently, it is vital to develop strategies to improve the stored energy density but maintain the power capability. Recently, some researchers specifically focus on asymmetric electrode designs which rely on pure carbon with different positive and negative electrode masses to expand the operating voltage window in ionic liquid electrolytes [13] . Moreover, Liion capacitors (LICs) employ porous positive electrode and Liion-intercalated-graphite negative electrode to maximize the energy and power densities [14] [15] [16] . Furthermore, very fascinating materials, 2D MXene, with relatively high cation intercalation densities have been introduced to develop highperformance supercapacitors [17] .
Nowadays, the types of supercapacitors could be typically divided into aqueous and non-aqueous systems based on the electrolytes utilized. For the non-aqueous systems, the operating voltage range is wider than that for the aqueous electrolytes. However, high viscosity, low electrical conductivity, high equivalent series resistance (ESR), high manufacture cost, and toxic issue are all typical drawbacks for non-aqueous electrolytes. Based on the above considerations, aqueous electrolytes seem to be a more proper choice for supercapacitors utilized in some special conditions (e.g., light-duty applications). Fig. 1 shows the ideal charge-discharge curves of three typical energy storage devices: (1) rechargeable batteries, (2) symmetric supercapacitors, and (3) ASCs. Note that the left-hand and right-hand sides of this figure respectively indicate the charging and discharging processes of these three devices. In addition, E and Q represent the cell voltage and accumulated charge, respectively.
It is well known that the area under the discharge curves represents the electric energy stored in these devices. From a comparison of curves 1 and 2 in Fig. 1 , it is easy to understand why the energy density of supercapacitors is obviously lower than that of rechargeable batteries even when the cell voltage and charges stored in both devices are the same. Theoretically, the maximum Gibbs-free energy stored in a rechargeable battery is the product of charge Q and equilibrium cell voltage ΔV e determined by the Nernstian reversible potentials of active materials on positive and negative electrodes. From its ideal charge-discharge curve (i.e., curve 1), the cell voltage of a rechargeable battery is independent of the charges stored in the device. Accordingly, the theoretical electric energy stored in this device (denoted as E Battery ) can be simply expressed as Eq. (1):
where Q and ΔV e indicate the stored charges and the equilibrium cell voltage, respectively. Unfortunately, the charge storage mechanism of battery materials generally involves ion diffusion within the active material of bulk phase, the above ideal charge-discharge behavior of rechargeable batteries cannot be achieved although some charge and discharge plateaus are visible.
Since the cell voltage of an ideal supercapacitor is linearly proportional to the charges stored in the device, the area under the charge-discharge curve 2 in Fig. 1 indicating the energy stored in a supercapacitor (see Eq. (2)) is only half of the theoretical energy stored in a rechargeable battery with the same cell voltage and charges.
Fig. 1. The ideal constant-current charge-discharge curves of (1) rechargeable batteries, (2) symmetric supercapacitors, and (3) ASCs; where E 1 and Q 1 represent the cell voltage and accumulated charge during the charging process, respectively. Similarly, E 2 and Q 2 represent the cell voltage and accumulated charge during the discharging process.
Moreover, when half of the charges have been delivered, the cell voltage linearly decreases to half of the highest cell voltage. Then, the efficiency of inverters for boosting the supercapacitor cell voltage for practical usage becomes unacceptable and consequently, only half of Q stored in the device can be delivered. Accordingly, the practically useful energy stored in this ideal supercapacitor is only 3/8 of E Battery and the practical energy density of a supercapacitor is intrinsically lower than that of a rechargeable battery even though the cell voltage and charge stored in the cell are the same.
Fortunately, the electrochemical reversibility of supercapacitors significantly improves the charge-discharge efficiency and meets the high/pulse power requirement, which is very close to the ideal charge-discharge behavior as curve 2 in Fig. 1 . Therefore, if two dissimilar electrode materials with ideal capacitive responses in two potential windows without overlapping, an ASC consisting of these two dissimilar electrode materials can exhibit the charge-discharge responses as curve 3 in Fig. 1 . If the open circuit potential difference of the above two dissimilar materials is significantly large (e.g., equal to half of the cell voltage), all the electric energy stored in this ASC can be utilized meanwhile the charge-discharge behavior achieves an ideal battery (i.e., curve 1 in Fig. 1 ).
According to Eq. (3), the stored energy of supercapacitors can be extended without immolating the power and cycling performances by means of constructing an asymmetric design. However, the electrochemical reversibility of two distinct electrode materials (including different charge storage mechanisms and/or different species) is the key factor determining the power performance of ASCs although such a configuration has been invented to overcome the low cell voltage and low energy issue of aqueous-based supercapacitors [5, 18] . Thus, it is crucial to emphasize the influences of intrinsic electrochemical reversibility on the capacitive performances (e.g., capacitance retention and energy efficiency) of an ASC. Evans Capacitor Company was the first one who introduces and trademarks the term ''hybrid capacitor'' [19] which is also called asymmetric supercapacitors (ASCs). Recently, many researchers pay attention towards the extension of voltage in order to enlarge the specific energy of ASCs. Conversely, it remains still a challenge for finding the suitable operation condition of ASCs, particularly when the system consists of one battery-type electrode [20] [21] [22] .
This review presents the survey and investigations of supercapacitive performances of transition metal oxides and conducting polymers as electrode materials. Further, it focuses on the characteristics of ASCs using aqueous electrolytes. The key to achieving high energy and power densities for aqueous ASCs is the development of appropriate electrode materials. Herein, a brief summary of the latest progress concerning such electrode materials is provided and we expect that these newly developed electrode materials will continue to play a significant role in the supercapacitor technology.
Parameters in supercapacitors
In terms of supercapacitors, the specific energy and power are the crucial characteristics of a device along with other parameters, such as cycle life, self-discharge current, as well as coulombic and energy efficiencies. The coulombic efficiency (η) is defined as the ratio of discharging time and charging time when the charge-discharge current densities are equal. It can be calculated by the following equation:
where t D and t C are the discharge and charge times in second. The coulombic efficiency is usually employed for evaluating the cycle stability of electrode materials and devices by comparing the first and the end cycle. The charge-discharge method is one of the well-known tools to analyze the specific power and energy values of supercapacitors. Notably, the specific energy or energy density of supercapacitors decreases with increase in specific power or power density because of kinetic and resistance issues. The specific energy and power (or energy and power densities) are two important parameters for investigating the electrochemical performances of electrode materials and the resultant full cells. The specific energy (E, Wh kg À 1 ) and power (P, kW kg À 1 ) of supercapacitors can be obtained from Eqs. (5) and (6):
where C S and ΔV are specific capacitance in F g À 1 (based on total mass of a full cell or electrode materials) and cell voltage in V. Note that several articles employed the above equations to obtain the specific energy and power on the basis of "single" electrode, which generally showed very high values in the Ragone plot. However, such data have to be divided by a factor of 4 or 16 (even larger, depending on the thickness of electrode materials) in order to obtain the specific energy and power data suitable for the Ragone plot.
The specific capacitance (C S ) of a full cell or single electrode can be measured by i-E (CV) and E-t plots using the following relation:
where w is the total mass of a full cell or electrode material on a single electrode, I is the average current in ampere from CV curves or discharge current in the CP test, meanwhile dV/dt is the voltage scanning rate of CV or the average voltage-shifting rate from the CP curves. The capacitance and cell voltage of a device are largely dependent on the characteristics of the electrode material and electrolytes and hence, in order to achieve large E and P, both C and ΔV need to be increased. Thus, supercapacitors are mainly classified into two types based on electrolytes: aqueous and non-aqueous [23, 24] . So far, commercially available products use organic electrolytes to obtain a wide cell voltage but materials and manufacture costs are the main concerns without considering the flammability of the organic electrolytes although the cell voltage of ion-liquidbased EDLCs can reach 4 V. Due to the significant advantages such as low cost, easy assembling, improved ionic conductivity, and fire safety, ASCs using aqueous electrolytes with cell voltage Z 2 V might show the potential to replace EDLCs employing organic electrolytes [25, 26] .
Electrode materials for supercapacitors
A major number of materials are currently available for supercapacitors, which were prepared by different methods, especially to obtain different morphologies and porous structures. Materials include transition metal oxides such as ruthenium, manganese, nickel, cobalt, tungsten, and vanadium. Meanwhile, conducting polymers of polyaniline (PANI), polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT) have also been employed in supercapacitors to achieve high specific energy and power. Although many synthesis methods have been developed to prepare the above materials, they can be generalized into: sol-gel synthesis, chemical precipitation, hydrothermal/solvothermal synthesis, thermal decomposition, and electrochemical preparation, coupled with various nanotechnologies to gain unique microstructures and advanced performances.
Co oxy-hydroxide-based supercapacitors
Cobalt oxy-hydroxide-based electrode materials include cobalt oxide (CoO, Co 3 O 4 ) and cobalt hydroxides (Co (OH) 2 ). The latter one has been known to have two crystal phases (α-and β-phase) which could be clearly distinguished. The typical charge storage procedure for Co oxy-hydroxides is shown as follows (see Eqs. (8) and (9)):
The reasons for the suitable application to supercapacitors are the exceedingly high theoretical specific capacitance [27] and excellent electrochemical reversibility of Co oxyhydroxides (see Fig. 2A ). However, the material utilization of Co oxy-hydroxides is generally low because the electrochemically active sites are typically located on the surface of oxy-hydroxide particles [28] . Besides, the redox behavior of Co oxy-hydroxides is not in a typical rectangular shape and is only visible in strong alkaline aqueous electrolytes (e.g., 1-6 M KOH or NaOH). The poor electrical conductivity and limited active surface sites of Co oxy-hydroxides are not qualified for the high power/pulse demands.
In order to improve the situations, plenty of approaches have been developed to enhance the performance of pure Co oxyhydroxides, such as introducing carbon nanotubes [29] and reduced graphene oxide nanosheets [30] to increase the electrical conductivity and porosity, or incorporating other metallic species (such as Ni [31] or Rh [32] ) to improve the utilization of the active species. Amongst, the higher the specific surface area of the electroactive material is, the larger the amount of superficial electroactive species could participate in pseudocapacitive reactions. According to the literature [27, [33] [34] [35] [36] [37] [38] , the mesopores sizes ranging from 2 to 5 nm are considered to be suitable to be used for facilitating electrolyte transportation during the continuous charge-discharge process. Therefore, porous materials with a broad mesopore size distribution, such as aerogels would be the desirable electroactive materials. Based on the advantages from mesoporous materials, in 2009 [33] , we demonstrated to use epoxide-driven strategy for preparing cobalt oxide aerogels for the ASC application. As evident from Fig. 2B -D, the resultant material exhibits mesoporous characteristics and impressive pseudocapacitive properties, including high specific capacitances (the highest ever reported for cobalt oxides, 4600 F g À 1 at a high mass loading of 1 mg cm À 2 ), excellent redox reversibility, and cycle stability.
Ni oxy-hydroxide-based supercapacitors
In comparison with Co oxy-hydroxides, Ni oxy-hydroxides have been widely studied for several applications such as Ni-Cd battery [39] , Ni-MH battery [40] , sensors [41] , supercapacitors [42] , and electrocatalysis in organic synthesis [43] . The charge storage mechanism can be simply expressed as Eqs. (10) and (11) which are very similar to those corresponding to the redox reactions of Co oxy-hydroxides.
In 1966, Bode et al. [44] proposed a sketch to illustrate the redox transitions among α-Ni(OH) 2 , β-Ni(OH) 2 , β-NiOOH, and γ-NiO 2 (or γ-NiOOH). In 2006, Wehrens-Dijksma et al. [45] have given a clear review and detailed explanation for this Bode diagram. According to the diagram, both Ni(OH) 2 and NiOOH can be recognized as two different phase structures by means of their organization and layer distance. Most of all, none of the structures are really stable, for example, Ni(OH) 2 is spontaneously converted from the α phase to the thermodynamically favorable β phase when the electroactive materials are polarized at highly positive potentials, charged-discharged continuously, or even aged in aqueous media. In addition, the layer-to-layer distance would increase while the crystal phase of NiOOH will be very slowly converted from β to γ under the overcharging state. In comparison with the previous irreversible processes of α-to-β and β-to-γ phase transformation, α-Ni(OH) 2 can be reversibly cycled to γ-NiO 2 (or γ-NiOOH) without any mechanical deformation and more charges are stored than that of the β-to-β redox couple although the electrochemical reversibility of the later redox couple is excellent. Among these four crystal phases, Ni(OH) 2 with α-phase is proposed to be the preferred phase for the energy storage application. The structure of α-Ni (OH) 2 was composed by a set of disordered nickel hydroxides with randomly oriented layers and separated by intercalated water molecules and/or anions. Furthermore, the higher the oxidation state is, the larger the number of electrons is exchanged through the redox reaction. Due to the fact that the oxidation state difference of Ni in the α-Ni(OH) 2 /γ-NiO 2 redox reaction is higher than that in the β-Ni(OH) 2 /β-NiOOH couple, a higher charge capacity in the former redox reaction is expected [46, 47] .
In 2008 [48] , we clearly demonstrated the effects of OH À concentration and Na 2 SO 4 addition in the electrolyte on the redox behavior of Ni(OH) 2 /NiOOH using cyclic voltammetric and electrochemical impedance spectroscopic analyses. The ionic conductivity could be enhanced via increasing the OH À concentration since the utilization of electroactive species, the electrochemical reversibility of redox couples, and the ionic transport resistance could be improved significantly. The utilization and electrochemical reversibility of NiOOH/Ni (OH) 2 are definitely promoted through adding Na 2 SO 4 to the dilute NaOH solutions, revealing the significant influences of electrolyte conductivity (i.e., cations and/or anions). On the positive sweep of curve 1 in Fig. 3A , the oxidation of Ni(OH) 2 commences at ca. 1.45 V (against reversible hydrogen electrode, RHE) and the anodic currents are gradually increased with the positive shift in potentials. In Fig. 3B , an increase of the Na 2 SO 4 concentration in the electrolyte significantly reduces the peak potential difference of NiOOH/Ni(OH) 2 and increases the voltammetric charge. Moreover, the redox behavior and the upper potential limit of Ni oxy-hydroxides are mainly related to the hydroxyl ions and cation species (e.g., Na þ , through the addition of Na 2 SO 4 ) concentration, indicating the simultaneous involvement of hydroxyl ions and cations in the redox transitions. Based on the above findings in 2008, the synergistic phenomena between OH À , cation, and redox species provide very important information for Ni oxyhydroxide-based batteries, supercapacitors, sensors, electrochromic devices, and organic synthesis.
Manganese oxides-based supercapacitors
The ideal capacitor performances of MnO 2 in neutral aqueous electrolytes have received much attention for 15 years since it was firstly reported by Lee and Goodenough [44] , due to the low cost [49] [50] [51] , acceptable specific capacitance (100-400 F g À 1 at moderate scan rates [52] [53] [54] ), long-term cycle life (at least 10,000 cycles [55] [56] [57] ), and wide potential window in aqueous electrolytes (4 0.9 V). Most importantly, the potential window of manganese oxides (denoted as MnO x ) in neutral aqueous media is usually complementary to that of carbon materials. Therefore, the asymmetric design consisting of a positive electrode of MnO x and a negative electrode of carbon materials significantly improve the energy stored in devices without compromising the power capability. The capacitive performance of MnO 2 polymorph and its charge storage mechanism have been widely investigated [49, 51, [58] [59] [60] . However, electrochemically activated Mn 3 O 4 and its composites generally possess excellent cycle stability and fairly high specific capacitance [61, 62] . Therefore, electrochemically activated Mn 3 O 4 provides an alternative way to achieve MnO x -based capacitive materials, which has been successfully synthesized by various methods in our previous work, such as surfactant-assisted thermal decomposition process [63] , low temperature synthesis [61] , microwave-assisted hydrothermal [64] , and pulse-rest mode deposition [65] .
Porous Mn 3 O 4 nanoparticles (NPs) with tuneable microstructures can be synthesized from manganese acetate with addition of triblock copolymer (F127) as a dispersant as shown in Fig. 4 [63] . Due to the affinity of Mn(II) ions to the hydrophilic part of F127, the amorphous manganese precursors should be uniformly dispersed onto the polymer. The welldispersed Mn(II) NPs can be decomposed to form Mn 3 O 4 by a thermal decomposition process through a "two-step combustion" procedure, i.e., combustion of F127 at ca. 200 1C and decomposition of acetate species at ca. 240 1C. The combustion of copolymer releases extensive gases, which generates large pores of Mn 3 O 4 . Therefore, copolymer F127 not only serves as a dispersant but also prevents Mn precursors agglomerating into large particles. Since the shape and suspension of Mn precursors strongly depend on the concentration of F127, the porous architecture of Mn 3 [64] . The key and necessary step in this two-step MAH method are the molecular clusters formation of manganese hydroxide onto graphene oxide (GO) surface as a metallic ions/GO mixture by adjusting pH. Reduction of GO to rGO can be achieved under localized and uniform heating of microwaves meanwhile hydroxides crystallize and anchor on the rGO surface simultaneously. The water-/solvent-enriched surroundings of hydrothermal/solvothermal annealing limit the agglomeration of nanocrystallites and guarantee the formation of nano-sized crystals. The resultant Mn 3 O 4 /rGO composite material exhibits high specific capacitance ($ 190 F g À 1 at 25 mV s À 1 ) and good capacitance retention ($ 81% at 1000 mV s À 1 ), indicating Mn 3 O 4 /rGO composites of a hierarchical architecture possesses smooth electron and ion transport pathways. Binary MnO x nanowire composite materials were successfully plated onto various conductive substrates (such as ITO, Si wafer, stainless steel, and graphite substrate) by anodic deposition under a two-electrode, pulse-rest mode deposition [65] . Pulse-rest deposition were performed at 1.1 V with various ratios of time on and off (T on /T off ) from manganese acetate precursor at room temperature. The free-standing and binder-free MnO x nanowires are about 10 nm in width, consisting of β-MnOOH in core and Mn 3 O 4 in shell. The Mn 3 O 4 /MnOOH nanowires can be uniformly deposited onto various substrates without obvious grain boundaries. Besides, the driving force is supplied in a very short time period under the pulse-rest mode. Note that the MnO x deposits were found to be large spherical grains or a 3D nanoporous structure under continuous deposition mode (i.e., potentiostatic and gavanostatic modes). Therefore, MnO x may preferably grow on the energy-favorable sites in every pulse-rest cycle and eventually crystalline nanowires are obtained under this pulse-rest deposition mode. Hence, the morphology of MnO x transforms from wire-like into the 3D mesoporous structure with decreasing T off (i.e., the pulse-rest deposition gradually approaches the continuous deposition mode). In addition, nanostructured amorphous MnO 2 with relatively high specific capacitance can be deposited onto free-standing Mn 3 was firstly proposed in our previous work [62] .
Recently, we have successfully probed the Mn 3 O 4 structural evolution during the electrochemical activation process via the in situ Raman spectroscopy [66] . The activation of as-prepared hausmannite-Mn 3 O 4 into MnO 2 by electrochemical cycling in the Na 2 SO 4 electrolyte was found to start from the outermost layer of Mn 3 O 4 surface and then gradually into the bulk. The formed porous surface of MnO x (predominate MnO 2 ) is not only from the re-deposition of dissolved Mn (II) (from hausmannite-Mn 3 O 4 crystalline structure) during electrochemical activation process but also from the redeposition of dissolved Mn(IV) during CV cycling. Note that the structure of activated MnO x probably depends on the crystallinity of as-prepared material (i.e., hausmannite-Mn 3 O 4 ). The electrochemically activated MnO x in our work was found to be predominant amorphous-MnO 2 (with the localized birnessite structure) with minor hausmannite-Mn 3 O 4 residual. Fig. 5A shows the in situ Raman analysis on a strong peak located at 658 cm À 1 being visible from PS 0.1 V, PS 0.3 V, and PS 0.5 V (PS: positive sweep). This peak is the characteristics of Mn 3 O 4 . Since the peak intensity of 575 cm À 1 reached the same level of the peak at ca. 658 cm À 1 , a new MnO x species (i.e., MnO 2 ) is believed to be formed. The spectra recorded at the 2nd cycle (Fig. 5B) all remain the similar pattern, which indicate that the newly formed MnO 2 remains stable in the cycled potential window. The charge storage of this MnO 2 /Mn 3 O 4 composite is attributed to the redox reaction between Mn (III) and Mn (IV) at outer surface active sites, since the disordered birnessite-MnO 2 does not provide an ordered layer structure for cations and/or protons to intercalate.
Vanadium oxide-based supercapacitors
Vanadium oxide has received a great deal of interests in aqueous supercapacitors due to its unique layered structure which is suitable for various cations (Li þ , Na þ , K þ ) intercalation without considering the advantages of low cost, abundance, and multiple oxidation states ( [67] [68] [69] . Moreover, in comparing with ruthenium dioxide and its hydrous oxide in strong acid electrolytes, vanadium oxide shows good electrochemical performance in the weakly acidic aqueous electrolyte [70] . The above advantages show that vanadium oxide is a potential electroactive material for aqueous supercapacitors. Great deals of method have been proposed to prepare the vanadium oxides, such as electrochemical deposition [71, 72] , (microwave-assisted) hydrothermal synthesis [73, 74] , sol-gel method [75, 76] and so on. In our previous work, the electrochemical deposition [77] [78] [79] and the microwave-assisted hydrothermal synthesis [74] show the potential to fabricate novel vanadium oxide structure and enhance the electrochemical performance. The former method is considered to be a one-step, cost-effective method. The morphology and structure can be tuned by adjusting the electrochemical parameters [50, 80] .
Vanadium oxide with a porous, three-dimensional (3-D) network architecture (see Fig. 6 ) can be synthesized by the anodic deposition with 25 mM VOSO 4 and 5 mM H 2 O 2 as the precursor solution at 0.7 V (vs. Ag/AgCl) onto the graphite substrate [77] . This article reported that the deposition potential of VO x Á yH 2 O can be much more negative than the onset potential of the oxygen evolution reaction from this aqueous VOSO 4 ) meanwhile under high scan rates of CV, the capacitive behavior is still retained. Such excellent electrochemical characteristics are never found before, indicating that the 3-D network vanadium oxide shows the potential in the high power charge-discharge applications.
Alternatively, the vanadium oxide enhancing the K þ intercalation/de-intercalation has been synthesized by anodic deposition (the same parameter as the above) followed by annealing at various temperatures (e.g., 150, 250 and 350 1C) to tune the crystalline structure in our previous work [75] . At first, the morphology of as-deposited and annealed vanadium oxides does not change a lot, i.e., keeping the macroporousmesoporous structure of a 3D network. The results demonstrate that annealing at relatively low temperatures ( o 350 1C) gradually removes the crystalline water and leads to the crystallization of V 2 O 5 .6H 2 O into V 2 O 5 , which has been confirmed by the TG/DTA analysis. When the annealed temperatures are o 350 1C, the specific capacitance is increasing with the annealed temperature and reaches a maximum value of 184 F g À 1 when the annealed temperature is 250 1C. The higher specific capacitance is contributed from the three pairs of obvious redox peaks corresponding to the intercalation/de-intercalation of K þ . This result demonstrates that appropriate annealing can finely tune the crystalline structure of vanadium oxide, which is suitable for K þ intercalation/deintercalation. However, when the annealing temperature reaches 350 1C, the specific capacitance dramatically reduces, probably due to the significant loss of the active vanadium species, reasonably attributable to the obvious transformation from V 2 O 5 Á 1.6H 2 O to V 2 O 5 . The power property is also evaluated in the aqueous KCl electrolyte (pH 2.4) by changing the scan rate from 25 to 250 mV s À 1 . All oxide deposits maintained pseudocapacitive-like behavior even at a high scan rate of 250 mV s À 1 . Moreover, the electrochemical reversibility of all annealed vanadium oxides is much better than the as-deposited one, revealing that the annealed samples enhance the K þ intercalation/de-intercalation rate and capability. From the dependence of C S on the scan rate of CV, samples annealed at 150 and 250 1C only showed 13% and 19% loss in capacitance by varying the scan rate from 25 to 250 mV s À 1 . From the above excellent capacitive results, the samples annealed at 150 and 250 1C are considered to be promising candidates for the electroactive material of supercapacitors.
The key factors of anodic deposition of vanadium oxide are also been discussed in our previous work [81] . The 25 mM VOSO 4 (pH 2.7) bath was used as the plating precursor solution where in situ UV-vis spectroscopy was employed to gain an understanding on the deposition mechanism of vanadium oxide. According to the in situ UV-vis spectra and XPS results, the accumulation of V 5 þ at the vicinity of electrode surface plays an important role in anodic deposition of vanadium oxide at a potential much more negative than the equilibrium potential of the oxygen evolution reaction. In addition, the surface composition of V 4 þ /V 5 þ can be easily controlled by varying the deposition potential. The morphologies also changed from a highly porous, 3D, wire-like network to a dense deposit when the applied potential was varied from 0.4 to 0.7 V.
Ruthenium oxide-based supercapacitors
Ruthenium dioxide (RuO 2 ) possesses many advantages due to its excellent stability, large Faradaic activity, and ion adsorption pseudo-capacitance. Ruthenium oxide-based supercapacitors are commercially available in Taiwan (see Fig. 7 ) although ruthenium is a low-earth abundant material and over 100 times more expensive than manganese and nickel precursors [82] . RuO 2 in either a crystalline or an amorphous hydrous form is a promising electrode material that exhibits large pseudo-capacitance [83] . The specific capacitance value exceeding 700 F g À 1 is well-known to result from redox transitions between Ru(II) and Ru(VI) with proton exchange in aqueous electrolytes [84] . RuO 2 also shows a high area capacitance of about 150-260 μF cm À 2 [85] , about ten times of that of carbon (ca. 20 μF cm À 2 ). Such a high value is believed to be due to pseudo-capacitance from the surface reaction between Ru ions and protons. The CV curve of RuO 2 in an H 2 SO 4 electrolyte is mirror-like and mainly featureless within a potential range of 1.4 V [83] . The energy storage/ delivery process within RuO 2 Á xH 2 O generally obeys Eq. (12):
Four factors have been proposed to determine the capacitive performance of RuO 2 Á xH 2 O: (i) electron hopping within RuO 2 Á xH 2 O NPs; (ii) electron hopping among RuO 2 Á xH 2 O NPs and carbon particulates; (iii) electron hopping between electrode materials and current collectors; and (iv) proton diffusion within RuO 2 Á xH 2 O NPs [86] . The intra-particle electron hopping resistance of RuO 2 Á xH 2 O NPs can be reduced by the crystallization of RuO 2 , while this results in an increase in the diffusion barrier of proton within crystalline RuO 2 and a loss of active sites because of dehydration (e.g., Ru-OH þ HO-Ru-Ru-O-Ru þ H 2 O). Due to the compromise in electron conductivity improvement and active site loss, nanocrystalline RuO 2 Á xH 2 O annealed at temperatures around its crystalline temperatures usually exhibits the highest S C value [87] . The advantages of ruthenium dioxide nanocrystallites include high S C , high conductivity, good electrochemical reversibility, and improved stability [88] .
The capacitive performances of RuO 2 Á xH 2 O are approximately independent of the NaAcO concentration and the plating temperature while the deposition rate resulting in the variation in morphologies and the adhesion of deposits is significantly affected by these two variables [80] . Due to the longer pathways of both electrons and protons during the redox transitions, the specific capacitance of RuO 2 Á xH 2 O is monotonously decreased from ca. 760 to 505 F g À 1 when the oxide loading is gradually increased from 0.34 to 1.0 mg cm
. RuO 2 Á xH 2 O/Ti electrodes with RuO 2 Á xH 2 O mass loading r0.6 mg cm À 2 and annealing in air at 200 1C for 2 h, plated from the 10 mM RuCl 3 Á xH 2 O solution with 10 mM NaAcO around 50 1C should be the best choices for the high-power applications based on the consideration of adhesion, capacitive performances and deposition rate. All RuO 2 Á xH 2 O deposits show ideal pseudo-capacitive characteristics, definitely illustrating the merits of anodic deposition for RuO 2 Á xH 2 O preparation without considering the advantages of its simplicity, one-step, reliability, low cost, and versatility for electrode preparation. In 1999, our group successfully electroplated hydrous ruthenium oxide (RuO 2 Á xH 2 O) with a specific capacitance of about 100 F g À 1 onto a titanium substrate by CV from an aqueous solution between À 200 and 1000 mV (vs. Ag/ AgCl) [89] . The growth rate of this hydrous oxide could be represented by the peak current density of the CV curves and was found to remain constant up to cycle 120 but decreased slightly between 120 and 240 cycles. The i-E behavior of this oxide studied by CV as well as its charge-discharge behavior examined by chrono-potentiometry in 0.5 M H 2 SO 4 reveals that the redox transitions between various oxidation states on RuO 2 Á xH 2 O are electrochemically reversible. The rate of RuO 2 Á xH 2 O deposition was affected by the potential ranges of CV, temperature, pH, AcO À addition, and RuCl 3 Á xH 2 O concentration in the deposition bath while it was approximately independent of the scan rates when it was deposited in a fixed potential range. The deposition of RuO 2 Á xH 2 O from RuCl 3 Á xH 2 O was found to be an apparent first-order reaction. The strong influences of pH and AcO À on the i-E responses and the rate of RuO 2 Á xH 2 O deposition suggest that the number of coordinated chloride, hydroxide, and AcO À within the dissolved ruthenium species is a key factor rendering a change in mechanisms of oxide deposition. Complete removal of chloride from the freshly deposited chloro-hydroxyl-ruthenium species should occur in the potential range of Ru(VI)/Ru(IV) redox couple, resulting in the formation of the insoluble RuO 2 Á xH 2 O. The redox transitions of RuO 2 Á xH 2 O between different oxidation states are electrochemically reversible. A linear relationship between stored charges and mass loading of RuO 2 Á xH 2 O revealed that the capacitance of RuO 2 Á xH 2 O/Ti electrodes mainly comes from the redox transitions of electroactive oxy-ruthenium species [90] .
The capacitive and textural properties of sol-gel-derived RuO 2 Á xH 2 O annealed in air and hydrothermal annealing in water were systematically compared in our previous work [91] .The morphology and structural analyses clearly show that in a normal annealing process at/above 150 1C, the condensation of hydroxyl groups are accompanied with particle coalescence and also the crystal growth of amorphous RuO 2 Á xH 2 O particulates. This leads to increase the proton diffusion barrier, reduce the water content, and make a great loss in the active sites and specific capacitance for the supercapacitor application. On the other hand, hydrothermal annealing process will lead to restrict the crystallization of RuO 2 within the primary RuO 2 Á xH 2 O NPs without significant condensation of superficial hydroxyl groups between particulates because water molecules in the hydrothermal bath serve as a barrier for particulate aggregation. In 2004, we also developed RuO 2 Á xH 2 O NPs with superior thermal stability and rate-retention capability through the H 2 O 2 -oxidative approach [92] , which was modified with CTAB (cetyltrimethyl ammonium bromide) for uniform dispersion [93] . The specific capacitance and rate-retention of CTAB-modified sample with annealing at 200 1C exhibits significant enhancement than the original RuO 2 Á xH 2 O counterpart annealed under the same condition (around 2-fold improvement) due to the opening of pore and crystallization of the sintered CTAB-trapped RuO 2 Á xH 2 O NPs. The as-prepared RuO 2 Á xH 2 O with CTAB exhibits a unique structure and also increases the electrolyte accessibility than the original RuO 2 Á xH 2 O. Moreover, the help of CTAB modification and annealing at high temperatures (Z350 1C) lead to the growth of {101} facet for the RuO 2 nanocrystals. This type of orientation growth of RuO 2 crystallites at high temperature are due to the adsorption of trapped surfactants on the high surface energy planes of RuO 2 . Furthermore, the capacitive performances of RuO 2 Á xH 2 O prepared by the above oxidation precipitation of Ru precursors (RuCl 3 Á xH 2 O) surrounded with tri-block co-polymer, Pluronic F127, in aqueous media can be enhanced through manipulating its preferential orientation growth of nanocrystals. From the heterogeneous surface chemistry viewpoints with the support of structure characterizations (see Fig. 8 ), such enhancement originates from the preferential orientation growth of the {101} facet, due to the adsorption of the highly polarizable, non-ionic ligands of Pluronic F127 on the high surface energy facets on RuO 2 nanocrystallites. In this case, the F127-trapped sample with annealing at 300 1C enhances the specific capacitance 1.6-fold in comparison to its counterpart without F127. With the mechanistic insight into the heterogeneous surface crystal growth pathways, our results materialize the development of RuO 2 Á xH 2 O NPs with tunable capacitive performances. Moreover, due to the different propagation models of RuO 2 Á xH 2 O with and without F127 trapping, a schematic diagram is proposed to interpret such a unique crystal growth evolution phenomenon [94] .
Binary/ternary oxy-hydroxide-based supercapacitors
In order to obtain synergistic effects of individual components, we have developed binary or even ternary oxyhydroxide-based materials for supercapacitors. For example, nanostructured (Ru-Sn)O 2 Á xH 2 O with a variable Sn content were successfully prepared by means of a modified sol-gel process. The mean particle size of (Ru-Sn)O 2 Á xH 2 O was monotonously reduced from 3 to 1 nm with increasing the proportion of tin from 0 to 50%. The redox reversibility and the specific capacitance of (Ru-Sn)O 2 Á xH 2 nanocomposites, TiO 2 nanoflowers construct the porous backbones favorably forming the electrolyte channels and RuO 2 Á xH 2 O particulates connect the electronic pathways resulting in the successful composite deposition. Annealing in air promoting the formation of RuO 2 nanocrystallites further reduces electronic resistance. Based on the nanocomposite with 0.91 mg cm À 2 , the area-based specific capacitance reaches 360 mF cm À 2 , meeting the requirements of a 5-V supercapacitor (4 cells in series) for electronic applications [96] . We also studied the effects of the annealing temperature on the textural properties of RuO 2 Á xH 2 O and (Ru-Ir)O 2 Á xH 2 O deposits, including crystalline, morphological and compositional information. The electrochemical characteristics of RuO 2 Á xH 2 O and (Ru-Ir)O 2 Á xH 2 O were evaluated by both CV and CP [97] . The vaporization of trapped water molecules favors the crystallization of RuO 2 at annealing temperature equal to/above 100 1C for the RuO 2 Á xH 2 O deposit while the presence of iridium in the oxide inhibited the crystallization of RuO 2 at annealing temperature equal to 300 1C. The annealing treatment also promotes the stability of these oxides, due to the formation of a denser and more ordered/organized structure. In comparison with the other synthesis, microwave-assisted hydrothermal synthesis and thermal decomposition methods are both simpler and more feasible for fabricating porous transition metal oxides nanostructures for a large scale because of the low barriers to entry (including equipment and operating conditions) and the variety of appropriate precursors.
Note that individual Co and Ni oxy-hydroxides cannot fully meet the requirements of supercapacitors for next generation, especially concerning the electrochemical reversibility of redox couples (see Fig. 9A ). Therefore, the binary and ternary (including Ni, Co, and Cu) metal oxides under atomic scale mixing are developed to obtain synergistic performances in charge storage and stability (see Fig. 9B ). For example, doping Ni species (such as Ni 2 þ ) into the Co oxy-hydroxides was found to improve the utilization of electroactive materials. In addition, doping Co species (such as Co 2 þ ) into the Ni oxy-hydroxides was found to improve the crystal phase retention of electroactive materials, depressing the capacitance loss during long charge-discharge cycles. In addition, two orders of magnitude higher electrical conductivity of the binary oxides (such as NiCo 2 O 4 ) indicate that their better abilities to facilitate the electron transport under the rapid charging-discharging process than those of single component. Therefore, NiCo 2 O 4 could be viewed as a promising candidate for advanced supercapacitors. The redox reaction of binary nickel-cobalt oxy-hydroxides mainly occurs in the strong alkaline electrolyte, and the possible procedures can be demonstrated as Eqs. (13) and (14) [42]:
However, the exact redox transitions of binary nickel-cobalt oxy-hydroxides are not very clearly defined. The electroactive material is believed to exhibit redox transitions of at least Ni(III)/Ni (II) and Co(III)/Co(II) although certain oxy-hydroxyl Ni(IV) and Co(IV) species are believed to be formed before the oxygen evolution reaction.
Based on the progress in 2009 [33] , spinel nickel cobaltite aerogels with highly porous architectures have been fabricated by means of the epoxide-driven sol-gel process. In this study, the capacitive performance of nickel cobaltite aerogels could be pushed to 1400 F g À 1 after ca. 650-cycle activation which was very close to the ever reported value for RuO 2 (1580 F g À 1 ). The insignificant specific capacitance decay also reveals the promising feature of nickel cobaltite aerogels for the application of advanced supercapacitor. For practical applications, on the other hand, transition metal oxide aerogels may not be suitable for mass production because of the high instrument cost.
In order to circumvent the above disadvantages, in 2013, two synthesize processes, microwave-assisted hydrothermal [98] and thermal decomposition [99] methods have been developed to improve the mass production concern. For microwave-assisted hydrothermal synthesis, the heat could be transferred uniformly via the microwave-transparent reaction container (i.e., glass or plastic containers), triggering a more homogeneous nucleation and shortening the crystallization period in comparison with a conventional heating process. Therefore, binary nickel-cobalt oxy-hydroxides with controllable crystalline index could be obtained by this Furthermore, an ASC consisting of a positive electrode of the resultant oxide and a negative electrode of AC shows acceptable high specific energy of 17 Wh kg À 1 and specific power of 1.594 kW kg À 1 with a cell voltage of 1.7 V (on the basis of total mass of two electrode materials).
On the other hand, we employed organic species (such as acetate salts) as precursors for preparing NiCo 2 O 4 because of their low decomposition temperatures. The well-mixed precursors are placed in a temperature-programming furnace, which are expected to decompose by heating under air or oxygen atmospheres. Such a procedure can be expressed as Eq. (15) 
Nickel cobaltite fabricated by nickel acetate and cobalt acetate are employed here as an example [99] . According to Eq. (15), the resultant oxides will form at a relative low temperature, accompanied with CO 2 and steam evolution. In addition, the as-obtained oxide is not necessary to do any further purification since there are no side products in the synthesis process. Furthermore, the porous structure can be easily generated by the release of CO 2 . Besides, the rapid activation and long-term stability also point out the reliable characteristics of the resultant materials.
Supercapacitors of the asymmetric design
The reason why the ASC is very important in specific energy and power improvements can be simply demonstrated by Fig.  10 . Fig. 10A and B shows the CV and CP curves of an ASC consisting of two typical capacitor-like electrode materials working in two potential windows. Clearly, the charges stored on both positive and negative electrodes are the same in order to achieve the highest cell voltage (i.e., V max ). Fig. 10C shows the charge-discharge curves of three electrodes with their charges same as that of the negative electrode (i.e., q þ ¼ q À ). However, the potential windows of electrodes 1, 2, and 3 are 1, 2, and 3 times that of the negative electrode (U). Accordingly, the cell voltage of the ASCs consisting of the above three positive electrodes and the same negative electrodes will be 2U, 3U, and 4U. The specific energy of the above three ASCs will be qU, 3qU/2, and 2qU, respectively although the specific capacitance of the above three positive electrode materials is q/U, q/(2U), and q/(3U), respectively. Accordingly, even though the specific capacitance of the electrode material with its working potential window of 3U is 1/3 of that of the one with its working potential window equal to 1U, the total energy stored in this high-cell voltage ASC (4U) is still two times of that of the ASC with a cell voltage of 2U. Similarly, if we apply the electrode material with its working potential window of 1U for a symmetric supercapacitor, the total energy stored in this cell is equal to qU/ 4 which is only 1/4 of the ASC with a cell voltage of 2U.
From the CV curves of cobalt and nickel oxy-hydroxides in Figs. 2 and 3 , the intrinsic reversibility of redox couples on these two species is different. In 2013, we constructed two ASCs consisting of a positive electrode of Ni(OH) 2 or Co (OH) 2 and a negative electrode of reduced graphene oxide (denoted as RGO) to evaluate the influences of electrochemical reversibility of the active materials on their resultant capacitive performances [11] . According to the electrochemical analysis, the low energy and coulombic efficiencies of Ni(OH) 2 //RGO (73% and 84%, respectively) indicate the significant influences of the electrochemical reversibility of pseudocapacitive materials in such an asymmetric design. In addition, the electrochemical reversibility of pseudocapacitive materials not only influences their energy/coulombic efficiencies but also reflects on the specific energy and power. The energy efficiencies of Co(OH) 2 //RGO and Ni(OH) 2 //RGO cells are monotonously decreased with decrease in the discharge current density. Such phenomena are attributable to the difference in the irreversibility contribution from the battery-type electrode materials in the positive potential region under different charge-discharge current densities. Due to the electrochemical kinetic effect, the irreversible contribution from the positive battery-type electrode material becomes more obvious when the operating power is low (because of longer charge-discharge times). Consequently, the energy and coulombic efficiencies of Ni (OH) 2 //RGO is generally lower than that of Co(OH) 2 //RGO in the whole current density region due to its battery-type characteristics.
Based on the total mass of two electrode materials, the specific energy of Ni(OH) 2 //RGO could reach ca. 30 Wh kg À 1 while its specific power is lower than 1 kW kg À 1 . Based on the previous feature, Ni(OH) 2 //RGO can be termed as an energy-oriented ASC. On the other hand, the Co(OH) 2 //RGO system is proposed as a power-oriented ASC because of its less energy loss at all applied current densities, although the energy stored in this system is significantly lower than that of Ni(OH) 2 //RGO. According to the above results and discussion, the electrochemical reversibility of electroactive materials in ASCs is the determining factor for their energy capture efficiency as well as specific energy and power.
As mentioned in Section 3, the vanadium oxide deposited at the 0.4 V can be used as electrode material for supercapacitors [79] . Other than the previous results, the vanadium oxide deposited at 0.4 V shows the promising capacitive behavior in the concentrated Li þ electrolytes even at a scan rate of 500 mV s À 1 . Moreover, the annealing treatment was employed to enhance the Li-ion intercalation/de-intercalation ability of vanadium oxide. The as-deposit vanadium oxide annealed at 300 1C for 1 h showed highly electrochemical reversibility for Li-ion intercalation/de-intercalation, outstanding specific capacitance (737 and 606 F g À 1 measured in 12 M LiCl at 25 and 500 mV s À 1 , respectively), high-power characteristic (good capacitive behavior at 500 mV s À 1 ) and excellent capacitance retention. However, the potential window of vanadium oxide is limited in aqueous electrolyte. Consequently, an ASC using vanadium oxide as the positive electrode and WO 3 Á zH 2 O as the negative electrode was first proposed to enhance the energy density and power density by extending the cell voltage of a full cell in 12 M LiCl. The cell voltage of this asymmetric device was between 1.9 and 0.8 V with the specific energy and power at 7.5 A g À 1 reaching 10.37 Wh kg À 1 and 2.23 kW kg À 1 , respectively (based on the total mass of both electrodes). The vanadium oxide with and without Li-ion doping shows the excellent capacitive performances and long cycle life of Liion supercapacitors have been synthesized by a fast and energy-saving microwave-assisted hydrothermal synthesis (MAHS) in our previous work [4] . At first, the effects of the MAHS temperature on the electrochemical performance were discussed. The sample synthesized at 140 1C for 10 min showed acceptable specific capacitance of 176 F g À 1 at cycle numbers equal to 2500 at 25 mV s À 1 in 12 M LiCl electrolyte. In addition, after the 5000-cycle test, C S,T decreases slightly to 92% of its highest C S,T value, indicating the outstanding stability. Furthermore, based on the optimized synthesis condition, LiCl was used as the Li-ion source in the precursor solution to pre-dope Li ions into vanadium oxide. From a comparison of pre-doped and un-doped vanadium oxides, Liion pre-doping can enhance the voltammetric current density in the whole potential region, meaning the capability of Li-ion intercalation/de-intercalation is significantly enhanced. This phenomenon is reasonably due to the larger spacing between adjacent layers of vanadium oxide pre-doped with Li ions, favorable for Li-ion intercalation/de-intercalation (XRD reflection peak shift to low degree when Li-ion pre-doped into vanadium oxide). Meanwhile, the specific capacitance significantly increases from 176 F g À 1 to 274 F g À 1 and retention remains 97% of its highest C S,T value after the 5000-cycle stability test after Li-ion pre-doping which is never found before. Summarize all the above results, the Li-ion pre-doped vanadium oxide not only possesses the larger spacing between adjacent layers that enhance the capacity of Li-ion intercalation/de-intercalation but also shortens the activation time and prolongs its cycle life, showing the promising potential for the usage in the aqueous Li-ion supercapacitors.
MnO x and carbons have high oxygen-evolving and hydrogenevolving overpotentials, respectively. Besides, the potential window of MnO x in neutral aqueous media is usually complementary of carbon materials (see Fig. 10A and B) . Therefore, MnO x //carbon ASCs have been proposed to extend the cell voltage in order to promote the device energy and power densities [100, 101] . However, the challenge of ASCs for approaching the highest specific energy is how to gain the highest acceptable cell voltage without compromising specific energy, power, and cycle life. Finding the suitable cell voltage of ASCs is vital for the lifetime and safety of the device in order to avoid irreversible reactions on electro-active materials and electrolyte decomposition. The criteria for realistic application of ASCs were proposed by systematic investigations through various electrochemical analyses, i.e., cyclic voltammograms, charge/discharge curves, and electrochemical impedance spectra (EIS), by demonstrating a model ASC cell (activated Mn 3 O 4 //reduced graphene oxide) [102] . The EIS results show noncapacitor like behavior when the cell voltage is above 2.0 V, even though their CV curves (and charge-discharge profiles) are rectangular (triangular) and symmetric at a cell voltage of 2.2 V. Therefore, EIS analysis is the most useful technique to appoint the highest acceptable cell voltage of ASCs, in which the most important criterion was proposed to be the phase angle of resultant cell capacitance (i.e., À 801 in the complex plan). Besides, energy efficiency calculated from charge-discharge profiles can be served as an approximate indicator of capacitor or non-capacitor like behavior.
Beside electrochemical reversibility, the charge balance states of both positive and negative electroactive materials at various current loads are another crucial issue that needs to be considered carefully because of their different rate capability. In 2014, we proposed a strategy to evaluate the charge capacities of both positive and negative electrodes materials, when one of the electrode materials contains the typical battery type, which leads to improve the energy and power by means of applying Ni(OH) 2 //activated carbon (AC) as an example [103] . Fig. 11 A and B shows the schematic diagram between cell capacitance (C cell ) and specific power for EDLCs and ASCs with one electrode of the battery type. Generally, electrochemical kinetics plays an important role for determining the cell capacitance and power ability of supercapacitors by using the positive or negative electrode materials at slower rates. Curve 1 shows the electrode materials with typically high reversibility since their capacitance is weakly dependent on the charge-discharge current density or scan rate of CV. On the other hand, curve 2 shows that the capacitance rate-retention ability of the electrode materials is poor because of their slow electrochemical kinetics. Fig. 11C and D shows the sketches of discharge profiles of both capacitor-type and battery-type materials and the resultant discharge curves of the ASCs at two rates. At higher current densities, the significant loss in the charge capacity for the material of the battery type renders the unbalanced situation, which leads to the significant energy loss at higher rates of discharge. Meanwhile, the shifts in the end potentials of discharge on both positive and negative electrodes are clearly visible at a fixed discharge cutoff voltage, indicating an over-discharge phenomenon on the positive electrode [104] . According to the experimental results, the Ni (OH) 2 //AC system with the charge capacity evaluated at a low current density (e.g., 0.5 A g À 1 ) performs more significant irreversible effect than that with the charge capacity evaluated at a high current density (e.g., 80 A g À 1 ) due to the battery characteristic of Ni(OH) 2 . Moreover, the working potential windows of Ni(OH) 2 and AC electrodes generally self-tuned to encounter the unequal charge capacities of positive and negative electrodes during changing the charge-discharge Fig. 11 . (A) Schematic diagram demonstrates the difference for the dependence of cell capacitance (C cell ) on the specific power of EDLCs and ASCs with one electrode of the battery type; (B) the scheme represents two electrode materials with very different capacitance rate-retention properties. Sketch for (left) is the discharge curves of (1-3) battery-like and (4-6) capacitor-like electrodes, and (right) is the resultant discharge curves of an asymmetric cell at three current densities when the charge-balanced condition was estimated at (C) low and (D) high current densities. current density. Based on the discussion in 2014 [101] , the Ni (OH) 2 //AC cell shows the potential for high power operation if the charge capacities of Ni(OH) 2 and AC have been suitably determined under high current densities. For example, the charge capacity of the Ni(OH) 2 //AC cell balanced at a high current density (e.g., 80 A g À 1 ) can possess the specific power and specific energy of 31.5 kW kg À 1 and 25.8 Wh kg À 1 , respectively, when cell voltage and specific current are set at 1.6 V and 80 A g À 1 , respectively (based on the total mass of both electrode materials). For constructing an ASC, we believe that the above strategy is generally applicable to all cases, especially for the cells with one of the electroactive materials exhibiting the battery-like behavior.
Conclusions
On the whole, supercapacitors have emerged as an important alternative energy technology with promising advantages such as extremely high charge rate, ultra-long cycle life, and wider operation temperature range in comparing with rechargeable batteries. As the discussion made in this paper, all the above mentioned electrode materials can build up aqueous ASCs of higher specific energy and power in comparison with the traditional symmetric type in the aqueous media. Moreover, the specific energy and power of the MnO 2 //AC system with a cell voltage of 2 V approach the performances of EDLCs using organic liquid electrolytes. As a result, how to improve the desired functions such as specific energy and power, long cycle life, wide operation temperature region, etc. of ASCs with a battery-type electrode is of both practical and academic interests. The promising strategies for the further development of advanced electrode materials for ASCs in aqueous electrolytes are generalized as follow: i) Investigate the charge storage mechanism and physicochemical properties of the interface between electrode materials and electrolytes to enhance the electrochemical performances. ii) Design superior architectures with high surface area, good electronic conductivity, and improved ion transport pathways to maximize the electrochemically active sites for redox reactions or chemical adsorption/desorption in order to further increase the energy density. iii) Understand the effects of electrochemical reversibility of a battery-type material towards the charge balance for improving the performances of ASCs.
We believe that ASCs can be regarded as a novel hybrid supercapacitor that combines two energy-storage processes: the double-layer capacitance and faradaic pseudo-capacitance from electrode materials. It is important to design high-performance electrode materials and choose the suitable electrolytes in order to solve the well-matching problem. With the high resistance and low charge-discharge stability resolved, such an ASC is expected to be a highly promising candidate for application in high-performance energy-storage systems. In the future, developing simple, new and efficient manufacture processes is necessary to further improve the practicality of aqueous ASCs towards commercialization. more than 215 SCI publications with total number of citations more than 8100 and H-index¼ 46. He concurrently serves as an editorial board member in Journal of the Taiwanese Institute of Chemical Engineers (indexed by SCI) and an editorial advisory board member in the Journal of Power Sources (indexed by SCI), Open Electrochemistry Journal (indexed by SCI), and International Journal of Electroactive Materials. His current research projects include design and tailoring of nanostructured materials for the applications of supercapacitors, metal-air batteries, rechargeable metal-air batteries, organic electrophotocatalytic degradation, and solar water splitting.
